Porous Ti (pTi)/hydroxylapatite (HA) composites were fabricated by an infiltration method in a vacuum and sintering. The Young's modulus of the composites was evaluated before and after the immersion in Hanks' solution. The strength of the composites was also evaluated by four-point bending test. The Young's modulus of the compacts was governed by the porosity and was comparable to the human bone in the porosity range from 24 to 34%. The Young's modulus of sintered pTi/HA composites was larger than that of pTi. The Young's modulus of the sintered pTi/HA composites decreased after immersion in Hanks' solution. The proof and bending strengths of the sintered pTi/HA composites were larger than those of pTi. Solid solution hardening of Ti by oxygen contributed the increase of the proof strength.
Introduction
Metals such as Ti, Ti alloys and stainless steels are used for bone fixation devices because of their high corrosion resistance and high strength. Disadvantage of these metals as bone fixators is large Young's modulus (100-200 GPa) compared with that of cortical bones . This mismatch sometimes causes bone resorption at the unloaded parts owing to the fixation devices, which is so called ''stress shielding effect''. 1, 2) In order to decrease the mismatch, the development of metallic biomaterials having low Young's modulus has been attempted extensively by some approaches. One of them is to develop the -type Ti alloys, which have low Young's modulus with high strength, such as Ti-29Nb-13Ta-4.6Zr 3) and Ti-Nb-Sn. 4) The other way is to introduce pores in metallic biomaterials. Young's modulus can be controlled by introducing pores. [5] [6] [7] [8] Oh et al. reported that the porous Ti compacts having Young's modulus comparable to the human cortical bone were successfully fabricated by hot-pressing method. 8) However, the bone fixator should have Young's modulus 2-3 times higher than that of the human cortical bone, because the fixation can be insufficient when the plates having Young's modulus comparable to the bone. Therefore, the authors propose an ideal fixator which has appropriate Young's modulus for fracture fixation and decrease the Young's modulus gradually in vivo as the healing progresses. In other words, a material capable of decreasing its Young's modulus is promising for bone fixators.
As one of candidates satisfying the above concept, we focus on a composite, consisting of porous Ti compacts as a matrix which has the Young's modulus close to the human cortical bone and Hydroxylapatite (HA) as a reinforcement which possess higher Young's modulus (96 GPa) 9) compared to the cortical bones. The porous Ti compacts can introduce HA through pore channels because most of the pores are opened and interconnected with each other. 8) Therefore, porous Ti compacts possess the potential as a matrix of the composite. On the other hand, HA consists of the same minerals in the bones and degrades in vivo.
10) The Young's modulus of HA is much higher than that of the other biodegradable polymers such as Poly-L-lactide (PLLA: 0.6 GPa).
11) By incorporating porous Ti compacts and HA, the composite which has higher Young's modulus compared to the bone can be obtained. In addition, it is possible to decrease Young's modulus of the composite when HA in porous Ti compacts is removed. Thus, stress shielding effect is expected to be suppressed when the Young's modulus mismatch between the fixation device and the bone decreases.
The Ti/HA composites were mainly fabricated through powder metallurgy methods so far. The composites were obtained by sintering or hot-pressing Ti and HA powders after mixing with ball milling. 12, 13) The ratio of Ti to HA should be increased when the mechanical reliability was considered. In this case, the HA particles were surrounded by Ti. This microstructure was not appropriate for the bone fixator proposed above because HA cannot be removed from the composites. From this viewpoint, introducing HA through pore channels in porous Ti is advantageous for controlling the Young's modulus of the composites.
Therefore, the purpose of this study was to investigate the porous Ti/HA composites. The following subjects were especially important as an ideal bone fixator and these were firstly investigated; (1) whether the plate-shaped porous Ti compacts having the Young's modulus comparable to the human cortical bones can be fabricated, (2) whether HA can be introduced into pores in porous Ti compacts, (3) whether the Young's modulus of the composites can be higher than that of porous Ti, (4) whether the Young's modulus of the composites can decrease after removing HA from porous Ti, and (5) how the bending strength of the composites varies by sintering porous Ti/HA and removing HA from the composites.
Experimental Procedure

Fabrication of porous Ti compacts
Two kinds of Ti beads (grade 2) with diameters of 300-355 mm and 600-710 mm were used for the fabrication of porous Ti compacts. The beads were filled between two graphite punches in a graphite mold. The dimension of inner mold is 36 mm in length, 6 mm in width and 40 mm in thickness for the fabrication of the plate-shape compacts. The weight of Ti beads was set to 1.36 g to obtain the thickness of about 2 mm of the plate. BN lubricant was sprayed on the graphite punches and inner wall of the mold to avoid the reaction between graphite and Ti during hot-pressing. Prepresing of 1000 N was conducted to pack the Ti beads uniformly in the mold. The beads were hot-pressed under applied uniaxial pressures of 1 to 7 MPa at 1073 K or 1173 K for 1.8 ks in a vacuum of less than 1 Â 10 À2 Pa. The porous Ti compacts were cleaned in acetone and pure water using an ultrasonic washing machine. Porosity of the compacts (P) was calculated as following equation;
where 0 is the density of Ti (4.51 MgÁm À3 ), is the apparent density which is calculated from the weight and the apparent volume measured from the shape of the compacts. Hereafter, the porous Ti compacts is designated as pTi.
Fabrication of porous Ti/HA composites
The pTi/HA composites were fabricated according to the following procedure. HA slurry was prepared with HA powders with the average diameter of 12.9 mm and ultra pure water in the weight ratio of 1 : 2. The pTi was infiltrated with the HA slurry in the reduced pressure environment using a rotary pump. These were dried at 353 K for 86.4 ks in a drying machine. Hereafter, the porous Ti compacts infiltrated with HA is designated as pTi/HA INF.
The pTi/HA was sintered at 1173 K for 7.2 ks in a vacuum of less than 10 À2 Pa. To protect the carbon contamination, sintering was conducted in a container made of ZrO 2 . Hereafter, the sintered pTi/HA INF is designated as pTi/HA SNT.
Immersion of porous Ti/HA composites in Hanks'
solution pTi/HA SNT was immersed in a Hanks' solution at 310 K for 604.8 ks. The composition of the Hanks' solution was shown in Table 1 . The Hanks' solution was replaced every 86.4 ks. The immersed pTi/HA SNT was dried at 353 K for 86.4 ks in a drying machine. Hereafter, the immersed pTi/ HA SNT is designated as pTi/HA IM.
Characterization of porous Ti/HA composites
Microstructure of pTi/HA composites was observed by an optical microscope (OM) and a scanning electron microscope (SEM). Packing mass of HA was measured after infiltration of HA in pTi. The weight change after infiltration, sintering, and immersion in Hank's solution were determined by the subtraction of the weight of pTi/HA INF, SNT and IM from that of pTi. Also, the volume fraction of HA against the pore volume in pTi (V f ) was calculated as following equation:
where W HA is the packing mass of HA, V pTi is the apparent volume of the porous Ti compact, P is the porosity, and 1 is the density of HA (3.15 MgÁm À3 ).
14)
The Young's modulus was evaluated with the free resonance vibration method. Normalized Young's modulus was calculated by dividing the Young's modulus of each composite (E C ) by that of pTi (E pTi ) before infiltration of HA.
Four-point bending test was carried out to evaluate the proof and bending strengths ( p , b ). The proof strength was determined at the permanent strain of outer layer of 0.01%. The crosshead speed was fixed at 8:3 Â 10 À4 mmÁs À1 . The upper and lower span length were 12 mm and 28 mm, respectively. X-ray diffraction was performed for pTi and pTi/HA SNT to evaluate the effect of sintering. Figure 1 shows an appearance of the pTi hot-pressed at 1073 K and 5 MPa for 1.8 ks. The beads diameter was 300-355 mm. The Ti beads were densely arranged at the surface. Plate shaped pTi was successfully fabricated by hot-pressing at each condition. Figure 2 shows SEM images of the pTi hot-pressed at 5 MPa and 1073 K for 1.8 ks. The Ti beads were deformed at the contact parts among the beads and the necks were formed. The neck size seemed to increase with increasing applied pressure. Also, the particles were observed on the Ti beads. The attachment of particles may be attributed to the usage of BN spray on the carbon punches and mold. Figure 3 shows the porosity of pTi as a function of applied pressure. The porosity decreased with the increase of applied pressure for 1073 K and 1173 K. The porosity of pTi hotpressed at 1073 K was higher than that at 1173 K. These results demonstrate that the porosity can be controlled by changing the applied pressure and hot-pressing temperature from 7 to 39% in porosity in the tested conditions. Comparing the beads diameter on the porosity in pTi, there are no significant differences between 300-355 mm and 610-700 mm. Figure 4 shows the Young's modulus of pTi as a function of porosity. The Young's modulus of the compacts decreased with increasing porosity, indicating that the Young's modulus can be controlled by changing porosity. This tendency is in good agreement with the previous report.
Results and Discussion
Characterization of porous Ti compacts
8) The Young's modulus (E) of the porous compacts was estimated using following equation; 15) E
where E 0 is the Young's modulus of pure Ti (110 GPa), is the apparent density of the pTi, 0 is the density of pure Ti (4.51 MgÁm À3 ), and Y is the sensitivity of the pore structure. When the fitting of the equation was carried out, the Y values were 4.66 and 4.63 for the pTi consiting of Ti beads of 300-350 and 600-710 mm, respectively. The estimated Young's modulus for both Ti beads diameters (dotted line in Fig. 2) were overlapped with each other, indicating that the Young's modulus strongly depends on the porosity and the effect of pore size is relatively weak in the pTi.
As shown in Fig. 4 , it was found that the Young's modulus of the compacts was comparable to that of the bone (10-30 GPa) in the porosity range of 24-35%. Therefore, the infiltration with HA slurry into the porous Ti compact, immersion in Hanks' solution, and four-point bending testing were carried out for the compacts having the porosity around the range. Figure 5 shows the packing mass of HA as a function of porosity in pTi. The packing mass increases with increasing porosity. The packing mass in the compacts consisting of larger Ti beads (600-710 mm) was higher than that of smaller Ti beads (300-355 mm). This result indicates that the packing mass of HA increases with increasing the pore size, because the pore size increases with increasing the diameter of Ti beads and the HA slurry can easily pass through the pores for larger pores. Figure 6 shows the volume fraction of HA against the pore volume in pTi as a function of porosity. The volume fraction of HA consisting of larger Ti beads was higher than that of smaller Ti beads. However, the fraction was almost independent of porosity, and the values varied from 7 to 9%. The slurry used contained 14% of HA in volume. This means that the concentration of HA in pores is lower than that in the slurry. The slurry cannot infiltrate throughout the pore although pores in pTi having the porosity of more than 20% were almost interconnected with each other. 8) Figure 7 shows OM images of pTi/HA SNT. HA was filled in the pores formed between Ti beads. Also, cracks were formed in HA and passed through the interface between Ti beads and HA. It was found that HA was chipped off in places owing to the cracks. The crack formation was caused by the difference of the thermal expansion coefficient (CTE) between Ti (8:4 Â 10 À6 K À1 ) 16) and HA (16:0 Â 10 À6 K À1 ). Figure 8 shows the weight change of pTi/HA composites after immersion test. The weight of pTi/HA IM decreased by the immersion in Hanks' solution. This was caused by the chipping out of HA from the composites, because the agglomerates were found in Hanks' solution after immersion. The chipping out may occur when the bonding area is slightly dissolved by immersion in Hanks' solution. However, the weight of pTi/HA IM was still higher than that of pTi, suggesting that the HA still remains in pTi. Table 2 shows the Young's modulus of porous Ti compacts, pTi/HA INF, SNT and IM. Figure 9 shows the normalized Young's modulus of pTi, pTi/HA INF, SNT and IM. The Young's modulus of pTi/HA INF was almost the same as that of pTi although the weight of pTi/HA INF was higher than that of pTi (Fig. 8) . On the other hand, the Young's modulus of pTi/HA SNT was higher than those of porous Ti compacts. Thus the Young's modulus of the composites can increase by not infiltration of HA but by sintering. In addition, it was confirmed the Young's modulus of pTi/HA SNT was decreased by immersion of Hanks' solution. This tendency is in good agreement with the weight change (Fig. 8) . However, the increments of Young's modulus of pTi/HA SNT were about 2 GPa. This value does not seem to be sufficient to fix the initial bone fracture. This low increment may be attributed to the low packing density of HA and the crack formation in HA. Further investigation should be needed to estimate the increment of Young's modulus by using finite element analysis, to infiltrate HA more in porous Ti compacts using nano-size HA powder, and to decrease the CTE mismatch by adding the other biodegradable materials with low CTE.
Characterization of porous Ti/HA composites
17)
Immersion tests in Hanks' solution
Four-point bending tests
Figures 10 and 11 show the proof and the bending strength of pTi, pTi/HA SNT, and pTi/HA IM. The proof and bending strengths of pTi/HA SNT and IM were higher than those of pTi, independently of the beads diameter. It is noted that the increase of both strengths was clearly confirmed for pTi/HA SNT with lower porosity. However, the effect of HA on the strength of pTi/HA with lower porosity should be smaller than that with higher porosity, because the packing mass of HA in pTi with lower porosity was smaller than that with higher porosity, as shown in Fig. 5 . Thus the other factor influences the strength of pTi/HA SNT. Figure 12 shows X-ray profiles of pTi and pTi/HA SNT. Peaks from -Ti in pTi/HA SNT were lower than those in pTi. This suggests that the lattice of -Ti was distorted when pTi/HA was sintered. Oxygen in HA may diffuse in Ti during sintering, resulting in solid solution hardening of Ti. However, this strengthening effect was small for pTi/HA SNT with higher porosiy, because the brittle fracture could occur at the neck parts of pTi owing to the solution of oxygen in Ti.
Conclusions
The pTi/HA composites were fabricated from the porous Ti compacts and HA by an infiltrating method and sintering.
The porosity of the compacts can be controlled in the range from 7 to 39% by the hot-pressing temperature and applied load. The Young's modulus of porous Ti was comparable to the human cortical bone in the porosity range from 24 to 34%. The Young's modulus of pTi/HA SNT was larger than that of pTi and decreased by the immersion in Hanks' solution because of the chipping out of HA in pTi. The proof and bending strengths of pTi/HA SNT and IM were larger than those of pTi. Solid solution hardening of Ti by oxygen contributes the increase of the proof strength.
From these findings, the Young's modulus of the pTi can increase and decrease by incorporating HA and removing HA. However, the increase of Young's modulus was about 2 GPa. The packing method of HA and sintering condition of pTi/HA should be considered for further investigation. 
